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Abstract— Space missions are being developed with increasinginto view, automatically, without having to be reconfigured
levels of autonomy, as a means to increase their science return,from Earth for each pass to account for differences in the
fault-tolerance, and longevity. In this paper, we present an gigna| characteristics. The radio would receive whatever each
architecture of an autonomous radio that can correctly receive . . .

a signal without precise a priori knowledge of its data rate, Ianded.asset sent. Slnce_an Ort?'ta' perlod.may be a few hours,
carrier frequency, modulation type, modulation index, and other @n orbiter may come within view of various landed assets
defining characteristics. This is accomplished by estimating and several times a day, and the automatic reconfiguration would
classifying these parameters directly from the observed signal, pe this frequent. By comparison, manual radio reconfiguration
enabling the receiver to configure itself. We describe the function would be a daunting task. The reduced burden of manual
of each estimator/classifier module and how they can interact to . . . .
ultimately recover the transmitted message. receiver cor_1f|gurat|on also makes the technology attractive for

ground stations.

I. INTRODUCTION In addition to easing the scheduling and configuration

NASA's Mars Exploration Program Advanced Technologieurden, an autonomous radio will also gracefully handle
is funding an ambitious project to develop and demonstraigpredictable or anomalous events. For example, during entry,
an autonomous radio capable of receiving a signal withodscent, and landing (EDL), a spacecraft can undergo large
precise a priori knowledge of its carrier frequency, modulatidAoppler swings caused by rocket firings, parachute openings,
type, modulation index, data rate, and other characteristiegckshell ejection, and a bouncing landing on the surface.
[1]. This contrasts with a conventional radio, which must beven when all scheduled events occur successfully, there
explicitly configured with these parameters. As a first stépay be Doppler uncertainty due to unpredictable properties
in this direction, a suite of modules has been developed @ the atmosphere. Ideally, the communication link should
autonomously recognize various signal attributes, including tReerate whether or not each of the EDL events is successful,
angle of arrival, data rate, symbol timing, carrier frequendjut the uncertainties involved typically lead to liberal link
and phase, modulation index, modulation type, signal-to-noigtrgins— for example, the Mars Exploration Rovers observed
ratio (SNR), code type, and decoded message bits. This palfgf margins that sometimes exceeded 10 dB. An autonomous
is an overview of the architecture of the autonomous radigdio could substantially reduce this design margin because it
receiver, describing what each module does and how th&puld handle any Doppler swing nearly optimally.
interact to produce the desired effect. Such flexibile technology is not yet available on NASA's

The primary application of this technology is in relayingurrently flying missions. In perhaps the most glaring example
communication signals from multiple deep space assets. Rbrthis, NASA engineers discovered in 2000 that a receiver
example, we might desire for two or more rovers on a dista@board Cassini, launched in 1997, would fail during the
planet to relay data through an orbiter, as the two Mat$uygens probe descent onto Titan because it did not properly
Exploration Rovers have done via Mars Global Survey@ccount for the Doppler profile of the probe [5]. Increasing the
and Mars Odyssey [2]. Multiple landed assets communicatit@Pp bandwidth of the synchronization loops would have easily
through relays will continue to be an important part of NASAdixed the problem, but unfortunately, these loop bandwidths
exploration plans throughout the next two decades [3], [4)Nere hard wired to set values on the spacecraft. With superior
Over a period of years, we may expect NASA and other spagegineering and enormous dedication, NASA/ESA was able to
agencies to launch a set of diverse orbiters and lahdarsl Save the mission by slightly altering the original trajectory, but
because technology continues to emerge, it is unlikely tH&is solution required forming a large and expensive interna-
they will all use the same data rates, protocols, error-correctifignal recovery team to find the appropriate recommendations

codes, and modulation types. on how to overcome the radio’s limitations.
The advantage of an autonomous radio in this emerging
scenario is that it can communicate to each asset that comes Il. PRELIMINARIES

The research described in this publication was carried out at the £t Mathematical signal model

Propulsion Laboratory, California Institute of Technology, under a contract . . . .
with the National Aeronautics and Space Administration. This paper considers a single channel amplitude and phase

1See http://www.jpl.nasa.gov/missions/futumessions.cfm modulated signal with or without a residual carrier. In complex



baseband, the transmitted signal has the form 1) FEC code: The FEC code can be one of sevecalde
types The code types standardized by the Consultative Com-
. > , . mittee for Space Data System (CCSDS) for deep space [6]
8(t) = Z App(t = nT)elln 001 4 (5P, (1) or in situ [7] communications include Reed-Solomon (RS)
codes, convolutional codes, turbo codes, Bose-Chaudhuri-
Hocquenghem (BCH) codes, and cyclic redudancy check
codes (CRC). Work is also progressing rapidly both aca-
demically and in various standards (Digital Video Broad-
cast/Satellite, IEEE 80211n,15.3a,16¢ and CCSDS deep
space and in situ) on low-density parity-check codes and
carrier frequency progressive-parity type codes such as tornado and raptor codes.
- _ ) . Associated with each FEC code is @3de rate which is the
When the amplitude is not modulated, as is the case W%ction of symbols carrying information, and itede length
) X which indicates the number of symbols in each codeword. For
constant equal to the data modulation passband signal pPOWgtne code types, these parameters alone are nearly enough to
In the special case in which, = c,m/2 with ¢, € {~1,1},  completely identify the code. For example, the best-performing
and p(t) a digital pulsg shape taking on valued, i.e., a convolutional codes for a given rate and constraint length
Binary PSK (BPSK) signal, (1) becomes are tabulated in textbooks (e.g., [8]), and applications using
oo convolutional codes nearly always use codes from these tables.
() = Z 2P,p(t — nT)ellPent0e(0] (2) CRC codes of a given length also typically use standarq
. generator polynomials [7]. RS codes are specified by their
blocklength, rate, field generator polynomial, and code gen-
where P, = P, + P, is the total passband signal power andrator polynomials. The latter two can be one of several
B =tan~',/P,;/P. is the modulation index. possibilities, but in practice space communication systems
At the receiver, the timing and carrier phase are initiallpave primarily used the one that is specified in the CCSDS
unknown, and noise is present. If we also assume that ttandard [6].
carrier frequencyf. is imperfectly estimated ag, at the The techniques opuncturing shortening and expurgating
front-end of the receiver, then a residual frequency componerie commonly used to modify a code. Puncturing raises the
fr = f. — f. will remain after conversion to baseband, andode rate, and it is the standard technique to obtain the

n=—oo

where A,, is the amplitude of the™ symbol;d,, is the phase
modulation for then™ M-PSK symbol;ecg) is the carrier
phasejp(t) is a pulse shape satisfyig ! [ p*(t)dt = 1; T
is the symbol duration; ang, is the residual carrier power of
the passband signalt) = Re{5(¢)e?™i/<t}, where f. is the

the resulting signal will have the form CCSDS turbo codes of rate 1/4, 1/3, and 1/2 from the rate 1/6
mother code [6]. Shortening is often used with the standard
F(t) =3(t) + n(t) (3) RS(255,223) code— the full-length code with interleaving

) depth 5 has input-lengt?23 x 8 x5 = 8920, but missions often
= > App(t — (n—e)T)e/PrIrt+0nt0:M] - (4)  shorten this to 8800, a multiple of 32, which is a convenient
n=—o00 guantity for spacecraft processors to handle. The (63,56) BCH
+ /2P, edl2mfrt+ife ()] | fi(t), (5) code used for uplink commanding [9] is an expurgated (63,57)

Hamming code, with odd-weight codewords removed.

wheres is the unknown symbol timing an@(t) = v/2[n.(t)+ In addition to the substantive factors mentioned above,

jns(t)], where n.(t) and n,(t) are each an additive whitethere are a number of superficial factors that determine the
Gaussian noise (AWGN) process with two-sided poweF—EC encoder output. The precibé ordering, use oftrellis
spectral densityN, /2 W/Hz. A priori, ¢ is uniformly dis- termination andplacement of frame headers, synchronization
tributed on[0,7") andé, is uniformly distributed on [0, 2). Pits, and filler bitsare examples of these factors.
2) Modulator and amplifier:The modulator uses the coded
_ ) binary sequence from the output of the FEC encoder to mod-
B. Anatomy of the received signal. ulate a carrier signal. This process depends on several factors.

Fig. 1 graphicallv indicates the dependence of the recei g gmodulation typeidentiﬁes the signal constellation from
'9. = graphically indi P M %ch the transmitted symbols are chosen. BPSK, quadrature

signal on several factors. We group the signal depender’ﬁf . .
graph into three primary components: the forward errotEZ K (QPSK), quadrature amplitude modulation (QAM), and

correcting (FEC) code encoder, the modulator/amplifier, ai%aulssian-f(ijlltere% rlnitr_1imutm-shiftll(<)eyilngtéGMSK) ireGK/losmlg
the channel. Each of these is affected by several subfact&?,ny used modulation types [10]. In the case ol '
including the ones shown in Fig. 1 as well as others whicf?‘Pd othgr filtered modulation types, fche bandwidth F”B@I
we call out in italics in the more detailed discussion below.prOdUCt IS _aIso needed to fully spemfy the modulathn. ,
The assignment of FEC encoded bits to symbols is defined
2For our purposes here, we assume that the carrier phdsg is slowly by a mapping which may be a static mapping such as a

varying with respect to the date rate; thus, we drop the dependence on tm%tural ordering,_ Gray code, or anti-Gray code, _WhiCh maps
in the notation. each block of bit(s) to a symbol; or, the mapping may be
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Fig. 1. Signal dependency graph.
dynamically controlled through a state machine, as it is with I1l. RADIO RECEIVER ARCHITECTURES

trellis coded modulation [11]. A. A conventional radio receiver

The symbol rate or baud, defines the number of discrete A functional block diagram of a radio receiver and decoder
signal constellation elements transmitted per second. With@ shown in Fig. 2. Factors that are known a priori in a
each symbol epoch, pulse shapdrectangular, raised-cosine,conventional radio are shown in ellipses, while the tasks it
etc.) is applied. With BPSK signaling, théata formatmay performs are shown in rectangles. A conventional radio re-
be NRZ (non-return to zero) or Manchester encoded. Thkeiver has complete a priori knowledge of the signal-dependent
modulation indexdetermines the fraction of total power thafactors relating to the FEC encoder and modulator/amplifier
is allocated to an unmodulated carrier signal. components shown in Fig. 1. Only the channel-related factors
. . . are not completely known— although, even those may be
. The carrier signal to be modulated is generated by' %rtially known through the use of predicts.
imperfect oscillator, whose quality can be measured by if's . i

ST . ..~ Knowledge of the transmitted signal parameters greatly

spectrum, or by distilling its spectrum to a single quantltg. - . . . .
. : . . implifies the design and implementation of the receiver. For

such asAllan deviation phase noisat a given offset, odrift . . I .
>6ample, if a residual carrier is present, then the carrier phase

rate. Ultrastable oscillators can achieve a phase noise of -1 ?3cking loop may be a simple phase-locked loop (PLL), and
dBc/Hz at a 1 Hz offset [12], although not all missions have g loop may mple p ' 0op '

no Costas loop need be implemented. Or, if the modulation
the mass budget to carry one on board the spacecraft.

type is known to be BPSK, then the receiver need not include
There are several signal-dependent factors in the amplifi@fy processing of the quadrature component of the signal.
as well. Nominally, the amplifier output is larger than th&very rectangular block in Fig. 2 is similarly simplified by
input by thegain of the amplifier. However, depending on thé&knowing the basic properties of the transmitted signal.
input, distortion may affect the amplitude or phagéi/AM On the other hand, a conventional radio does not usually
(amplitude modulation to amplitude modulation) distortiofiave much capability to receive signals types different from
occurs when the amplitude of the amplifier output is ndbe single signal-type for which it was primarily designed,
proportional to the amplifier inputAM-to-PM (AM to phase or, when it does have such capability, it requires specific
modulation) conversioroccurs when variations in the inputpre-configuration according to a predetermined schedule. For
amplitude result in unwanted phase modulation. Additionallgxample, if the radio can receive both suppressed carrier and
the group delayis the rate of change of the total phase shifesidual carrier BPSK signals, it would typically carry both
with respect to angular frequency, and th@arization(right- PLL and a Costas loops, or a hybrid loop that incorporates
or left-handed, circular or elliptical) describes the time-varyingoth components and would have to be preconfigured to use
direction and amplitude of the electric field vector propagatéie appropriate loop (or to set the relative gains in the hybrid
from the transmitter. loop) based on knowledge of when each type of signal will
be arriving. This is the approach taken by the highly capable
3) Channel: Typically, deep space communications charadvanced receiver design [13] that eventually became the Deep
nels are quite benign, witlAWGN being the dominating Space Network Block V Receiver.
impairment. Iffading is present, it may be due tmultipath
interferenceor solar scintillationscaused by a small sun-earth.B- Eléctra
probe angle Doppler affects carrier and timing parameters. Electrais NASAS first highly capable software defined radio
The angle of arrival symbol timing and carrier phaseare [14]. Unlike other massively flexible radios, the Electra radio
also modeled in the channel component of the dependensyn elegant, compact design based around a reprogrammable
graph shown in Fig. 1. rad-tolerant Field Programmable Gate Array (FPGA). The
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Fig. 2. Functional block diagram of a radio receiver. A conventional radio assumes a priori knowledge of all parameters shown in the ellipses, while an
autonomous radio estimates them based on the incoming signal.

FPGA performs all the baseband processing for receptione quickly gets into a chicken and egg problem, with nearly
including carrier tracking, timing recovery, and demodulatiorevery estimator needing the output of the other estimators
It also includes all the baseband processing necessary lhefore it can make a maximum likelihood estimate.
transmission. To resolve this problem, we have arranged the estima-

Unlike the Block V Receiver, the massive capability of thisors/classifiers in the partially ordered set shown in Fig. 3,
radio is not achieved through multiple simultaneous implemewhich defines the order in which they may be operated, at
tations of tracking loops and demodulators for all the variodsast sub-optimally, during the first iteration of estimation. In
signal types it might encounter in its lifetime. Rather, the radithis ordering, estimators at one level are performed before
is simply redefined in the same small footprint by reprogranestimators at the lower levels. The estimators are arranged
ming the baseband processor module. This compact, flexibiéo the minimum number of levels for which some level
design makes it ideally suited for in situ radio radios, and iestimators must be performed before leve}l 1 estimators.
fact, it is now the NASA standard in situ radio and will flyThis approach yields a workable boot-strapping approach to
on the Mars Reconnaisance Orbiter, Mars Telecommunicatia@simating/classifying all of the parameters necessary for the
Orbiter, and Mars Science Laboratory missions, among othepsoper operation of the entire receiver.

C. An autonomous radio IV. ESTIMATORS AND CLASSIFIERS OF THE AUTONOMOUS

. . . RADIO
The fundamental difference between a conventional radio

or even a software-defined radio such as Electra, and a truhAfter identifying the proper order for the estimator modules
autonomous radio, is that an autonomous radio has the abiityown in Fig. 3, we embarked on a design effort for the
to recognize features of an incoming signal and to respomdlividual modules. At first glance, it may seem that some
intelligently, without explicit pre-configuration or reprogram-of these estimator modules are simply long-established, con-
ming to define the functions of the radio. ventional designs. For example, phase tracking loops have
In an autonomous radio, the parameters shown in ellipsesoeen designed and analyzed for nearly every reasonable signal
the functional block diagram in Fig. 2 are assumed unknowrtype. However, we were unable to find any literature for the
priori, and must be determined based on the incoming signaé&sign of a phase tracking loop for suppressed carrier signals
The quality of each of the estimators and classifiers of thewhich the modulation type is unknown. We need a loop that
autonomous radio is limited by its lack of knowledge o¥Works adequately for any phase modulated signal, and which
any of the other parameters. As such, the order in whiclan improve its performance by later taking input from the
the estimations/classifications are performed is critical. Forodulation classifier when it starts producing an output.
example, it would not be feasible to classify the modulation The other seemingly-standard modules had similar design
type prior to classifying the data rate and obtaining the symbaihallenges because of unknown signal attributes. Conventional
timing. Using conventional estimation and tracking designsnplementations of frequency estimators, symbol timing loops,



. Modulation | 3 3 A
Modulation Index Index I T R.r| Carier |0,
Sync.
Data |T
Rate
Frequency R
Data |6(t) 1.p Fine €.
¢ Frequency Format £ 1 Symbol Sync.
Correction
—jwek R
Data Rate SNR Pulse Shape Coarse Symbol Timing e SNR
Tp .
T.¢| Modulation |M
¢ x Coarse é | .| Classification
Symbol Sync.
Phase Modulation type Fine Symbol Timing k) 1
X

\ / Fig. 4. Signal flow in the autonomous radio.
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B. Residual frequency tracking

Code Frequency correction is performed in the coarse estimation
phase only if the modulation index estimator determines that
the signal contains a residual carriér, & m/2). In that case,

an attempt is made to determine the residual carrier frequency

Bit via a tracking loop that locks onto the maximum value of a
fast Fourier transform (FFT) of the received signal. Several
Fig. 3. Estimator dependency graph. low-complexity designs have been proposed [1] that operate

robustly not only over an AWGN channel but also over a
Rayleigh fading channel. The structures have been shown to
and SNR estimators also assume the modulation type bis optimal, in the sense that the optimum open loop estimation
known. of the frequency was derived and found to be the maximum
In addition, there are a number of estimators that acé the FFT, and the closed loop error signal is based on the
not conventional, and only occur in an autonomous radiderivative of this quantity.
These include the blocks that estimate or classify the data
rate, modulation index, modulation type, and code type. W& Joint Estimation of Data Rate, Data Format, SNR, and
have designed each of these from scratch, in most casesCmarse Symbol Timing
formulating t'he maX|mum_I|keI|hogd crlterlqn for the estimator The joint estimator of the data rate, data format, SNR, and
and gttemptlng to solye I anal_y_tlca_lly. This Iead_to e_xcellerg arse symbol timing takes the frequency-corrected version
solutions for mpdulatmn classification, SNR estm_watlon, .arﬁ()the received signal as input, and produces estimates of the
frequency _trackmg. In some other cases, t_he maximum like ymbol period, pulse shape, SNR, and symbol timing offset
hood .solut|.o_n was not tractible, and promising ad hoc SChemaaéoutput. It operates in the same way during both coarse and
were identified. ) . fine estimation phases. This is a consequence of the fact the
Because the design effort for the individual modules cgfg it symbol moments estimator (SSME) method of SNR

be quite involved, we are unable to fully describe the des'%timation [1] is independent of both thé-PSK modulation
and operation of each module here. Instead, we offer a briﬁ{jer and the carrier phage.

summary of the modules below. The overall structure of The basic operation of the module is to compute an SNR
the radio is shown in Fig. 4, which shows which paramet%r

L . stimate under various combinations of hypothesized data
estimations are used by each subsequent estimator mOdUI?ates, data formats, and coarse symbol timings. When the

hypothesis is incorrect, the SNR estimate will be low. When

the hypothesis is correct, the SNR estimate is more closely
In the initial, or coarse estimation phase, the modulatiorrelated to the true SNR. The hypothesis with the highest

index estimator requires no parameter estimates, other thancheresponding SNR estimate is selected, and those parameters

minimum symbol period allowed by the system. It directland SNR estimate are output.

estimates the carrier and data powers by integrating over a’he underlying SSME SNR estimator forms its SNR es-

sufficient epoch. In the subsequefihe estimation phase(s), timation statistic from the sum and difference of information

it may operate coherently and use knowledge of the dartracted from the first and second halves of each received data

rate, modulation type, symbol boundaries, and pulse shapesymnbol. Our initial investigations focused on demonstrating

improve the quality of its data and carrier power estimates.that the scheme, which was previously investigated only for

A. Modulation index estimation



BPSK modulations, is readily applicable to the class)Mof For suppressed carrier signals in the fine estimation phase,
PSK (M > 2) modulations and furthermore showed that itthe loop can be reconfigured far-PSK and the passive arm
performance is independent of the value /df. Even more filters can be replaced with matched filters that make use of
generally, it was pointed out that the complex symbol versighe pulse shape and symbol timing estimates, which results in
of the SSME structure could also be used to provide SNRiproved performance.

estimation for two-dimensional signal sets such as quadrature

amplitude modulation (QAM). Performance results were ob- V- AN ITERATIVE MESSAGE PASSING ARCHITECTURE

tained for a variety of different scenarios related to the degreeAs mentioned above, the autonomous radio begins by pro-
of knowledge assumed for the carrier frequency uncertairtycing estimates at the highest level in Fig. 3 and then pro-
and to what extent it is compensated for in obtaining the SNfeeding to progressively deeper levels. Initially, no estimator at

estimate. an upper level can make use of any signal attribute estimated
at a level beneath it. This limitation significantly impacts
D. Modulation classification performance, and is inherent to any non-iterative autonomous

. . . . - ignal parameter estimation algorithm.
We derived new approximations to the maximum |Ike|lh008 gnal parameter estimation ago . .
A fundamental innovation of the autonomous radio envi-

(ML) classifier to discriminate between/-ary and M'-ary s‘oned here is that after each estimator completes its first

phase-shift-keying (PSK) transmitted on an AWGN Ch":mmastimate in the proper boot-strap order, the deeper level

and received noncohg rgntly, pa‘f“a”y coherently, or COheremgysumators send soft information to the upper estimators. A
and when symbol timing is either known or unknown. A . . . ; .

) . . second iteration then begins, wherein each estimator makes
suboptimum classifier can be shown to be ten times less

complex than the ML classifier and has less than 0.1 e of this additional extrinsic information to improve its

performance loss for symbol signal-to-noise ratios (SNR's) H}erformance. After several iterations, the message passing

the range (-10,10) dB and any number of observed symbSVStem will reach a reasonable convergence. We have shown

S : X
[1]. Other methods reduce complexity by a factor of 100 wit at such coupled systems are typically quite robust, and can

less than 0.2 dB of performance loss. We also develope’fﬂg]vl?fﬂne[?r?]max'mum likelihood joint estimation/decoding

classifier that does not require an estimate of the symbol S . : -
T . ; We now informally describe a nonexhaustive list of the
and a new threshold optimization technique that improves tpe

high-SNR performance of a previously published classifie .pg Of. SOf.t |nfqrmat|on that can passed upward during the
estimation iterations.

We showed that a classification error floor that exists for anyMessages from the symbol timing estimatorThe symbol

classifier on any memoryless channel, even a noiseless one . .
. . o .. iming module estimates the boundaries of symbol epochs, and
by deriving a lower bound on the misclassification probabilit

: dan produce a signal that indicates whether it is in lock. The

as a function of the number of observed samples. e .
lock indicator, which may be a soft value, can be fed up to the
data rate classifier. For example, if the symbol timing tracker
is unable to lock onto symbol timing at one data rate, the data

The carrier synchronizer takes several forms, dependirae classifier can make use of that knowledge in reclassifying
on the modulation index and coarse/fine operation. If thhe data rate.
modulation index estimator has determined that there is aMessages from the frequency trackerlf the frequency
residual carrier, then a PLL may be used to lock onto theacker identifies any residual frequency, this may be used
residual carrier signal. The residual carrier itself is the outptd wipe it from the received signal. The SNR estimator
of a low pass filter of the received signal, which suppressperformance is affected by residual frequency, and thus, it
the data modulation (except for the portion of the spectruwill be improved by this feedback from the frequency tracking
at DC, if any). When a residual carrier is present, the PLlbop.
may be the best choice for carrier synchronization in the fineMessages from the phase trackeiThe phase tracking loop
estimation mode, as well, but this depends on the SNR and theput can be used to generate a coherent reference that can
value of modulation index. In cases when the residual carrige¢ used to improve the symbol timing and SNR estimators,
is weak, a hybrid loop may outperform the PLL alone in theffectively improving the noncoherent performance to coherent
fine estimation phase. performance.

If the modulation index estimator has determined that the Messages from the modulation classificationEstimates
carrier is suppressed, then the carrier synchronization in tihem the modulation classifier can assist in improving SNR,
coarse estimation phase relies on a carrier loop with passieta rate, and symbol timing estimators. The likelihood func-
arms, so that the symbol timing and pulse shape need nottioms for each modulation have expected values that obey
known. A universal loop can be constructed that will worla known relationship to the SNR and symbol timing— for
for all M-PSK modulation orders up to some maximuify,, example, the modulation classification becomes more certain
[1]. Since modulation classification is not yet available to theith increasing SNR and number of symbol observations. If
carrier loop during the coarse phase, the carrier loop begithge observed modulation-type likelihoods are inconsistent with
in the coarse estimation phase configured ¥gy,,.-PSK. the estimates from the SNR and symbol timing modules, the

E. Carrier phase tracking



likelihoods can be fed back to those modules so they can revise VII. CONCLUSIONS

their estimates. We have presented an overview of the architecture of an
~ Messages from the decoderThe output of the decoder 5ytonomous radio that can receive a signal without much
includes likelihoods for each message bit. Depending on thepriori knowledge about its defining characteristics. More

code, it is usually simple to hard limit these likelihoods anfetajls of the designs and analysis of the estimators are
test if the result is a codeword. Typically, codes are designggailable in [1].
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